temperatures consisted of a reaction vessel and a high-voltage mercuryneon lamp both enclosed in a suitable furnace (Melville 1936; Farkas and Melville 1936) . The methyl acrylate as received contained 0-1 % hydroquinone as a stabilizer. This was removed by repeated distillation of the liquid in vacuo. Particular care was taken to free the liquid from dissolved oxygen, since this gas is a strong inhibitor for polymerization. Methyl acrylate polymerizes exceedingly rapidly when exposed to light of wave-length shorter than about 2700 A. With a mercury lamp yielding some 1016 quanta/sec. at 2537 A incident on the reaction vessel of 100 c.c., half the vapour is polymerized in about 1 min., the initial pressure being 50 mm., with the production of a dense cloud of solid polymer. In fact, the rapidity of the reaction makes it eminently suitable for demonstrating the photochemical polymerization of vapours to large audiences. The arrangement of the apparatus is shown in fig. 1 . A high-voltage cold cathode mercury lamp is most suitable, as the visible radiation is not very intense. The lamp is situated a few cm. from the cylindrical reaction vessel into which a parallel beam of light is projected from an arc or metal filament lamp. This serves to show up the formation of the cloud of polymer as it settles out of the gas phase. The liquid acrylate is distilled into a side tube to which is attached a U-tube manometer, so that the experiment can be repeated several times. The inhibition by oxygen can also be shown by admitting 0-1 mm. of 0 2 from a pipette. As soon as the oxygen is con sumed, polymerization starts immediately. The liquid acrylate in absence of oxygen and of hydroquinone polymerizes in about a day or two, and hence the apparatus is best prepared for the demonstration a few hours beforehand. Alternatively, the acrylate may be preserved in a bath of solid carbon dioxide.
If the reaction vessel is put into communication with a reservoir of liquid acrylate several c.c. of liquid may be polymerized per hour. The greater part of the polymer can be removed from the reaction vessel by washing in benzene, and the insoluble residue is best burnt off the surface of the vessel in a current of air. It is important to note that the acrylate polymer is much more stable than the methacrylate polymer, which is completely depolymerized to the monomer at 300° C. The acrylate polymer, on the other hand, can be partly distilled as an oil at temperatures approaching a red heat, though a considerable amount of charring also occurs.
As with the methacrylate polymerization, there is the difficulty of determining whether or not the reaction is mercury sensitized. On account of the rapidity of the acrylate polymerization a hydrogen lamp sufficed to give enough radiation to demonstrate that the polymerization is certainly a direct photochemical reaction, as the following run indicates: (The q u an tu m y ield is an upper estim a te as th e a cry la te vapour ex h ib its absorp tion up to 2500 A .)
Employing the mercury lamp, Table I gives the details of a typical run. The fourth and sixth columns contain velocity constants calculated on the assumption that the reaction is of the second and first order respectively. Whereas the first order constants decrease rapidly as the reaction proceeds, the second order constants remain at a fairly steady value. The order of the reaction therefore approaches two. A direct comparison of the initial rates of reaction shows that the rate varies approximately as the T6th power of the pressure over the range 10-50 mm.
In view of the fact that the pressure does not decrease to zero on prolonged irradiation, an analysis of the products of the reaction was carried out in the following way. Methyl acrylate was illuminated with 2537 radiation for such a time that about one-half the vapour was polv-merized. The vapour was withdrawn with liquid air and the pressure of the residual gas measured by a Pirani gauge. This procedure was repeated a number of times until 95 % of the vapour was polymerized. The residual gas, non-condensable in liquid air, proved to be hydrogen as indicated by simultaneous readings on a McLeod and a Pirani gauge. Similar behaviour was observed with the methacrylate except th at the non condensable gas was methane. It appears, therefore, that when the acrylate molecule is broken up, a hydrogen atom attached to each carbon atom is split off. The following figures show the relative rates of polymerization and decomposition. The initial rate of polymerization is 9*8 mm./min.-1 and the initial rate of production of hydrogen 0-005 mm./min.-1, that is, a ratio of 2000 : I. Since the quantum yield for polymerization is about 102, the quantum yield for de composition is 0*05, if the decomposition is due to 2537 radiation, suggesting therefore that the decomposition is a secondary reaction. If light of shorter wave-length is absorbed by the acrylate, the decomposition is more marked. For example, by removing the acetic acid filter and substituting a water filter, the half life time for polymerization changes from 2*9 to 2*3 min. while the rate of production of hydrogen is more than doubled, namely from 0*04 to 0T mm./min.-1. By employing smaller intensities the decom position reaction would become much less important as this is proportional to the first power of the intensity and the polymerization to the square root (see below).
Since the COOCH3 group is the effective chromophore in starting poly merization, it was also essential to find if any carbon dioxide was eliminated such as occurs with the COOH group. Using the acetic acid filter 11 mm. of acrylate were exposed for 42 min. when the pressure fell to 4-4 mm. The acrylate was removed with liquid air leaving 1 mm. of hydrogen. Next a C02-ether bath at -80° replaced the liquid air, but no increase in pressure resulted which showed that C02 was not produced in appreciable quantities.
Finally there is the possible complication that the polymer itself is photochemically decomposed on continued irradiation-a reaction which might contribute to the volume of non-condensable gas. Starting with a clean tube, 38 mm. of acrylate were polymerized. The remainder of the gas mixture was completely removed and the polymer irradiated with 2537 radiation for 5 min. 5 x 10-4 mm. of hydrogen were produced com pared with 260 x 10-4 mm. when the vapour was illuminated under the same conditions. The photo-decomposition of the polymer can thus be neglected. While the photo-decomposition of liquid acrylate has not yet been investigated, it is worth noting that although the solid polymer may absorb as much light as the monomeric vapour, the change in structure from CH2= C H . COOCH3 to -CH2-CH(COOCH3)-prevents the removal of the hydrogen atoms attached to the carbon atoms.
The next question is whether there is a slow continuous growth of the polymer in the dark such as has been observed with methacrylate. Table III shows an experiment with a clean tube in which successive short periods of illumination were followed by long periods of darkness. It will be seen that after the third period of illumination at 15 min., 1 mm. of acrylate polymerized in 5 min. compared with about 6 mm. in 1 min. in the light. After the fourth period, however, the dark rate is much faster but soon decays. The dark rate subsequent to the next period is again very small. In another experiment 280 mm. of acrylate were polymerized, the vapour being continuously supplied from a graduated capillary tube, and the rate of polymerization being about 10 mm./min.-1. When the light was switched off, the rate immediately decreased as is shown by the following figures: One simple explanation would be that the dark rate is due to absorption of the monomer by the polymer as the latter accumulates in the vessel. This was tested by polymerizing a suitable amount of acrylate and with drawing the vapour into a liquid air trap until a Pirani gauge registered a constant pressure-a process which required 15-20 min. The acrylate was then quickly vaporized and its pressure determined. A number of experiments, recorded below, show that the pressure after evaporation is actually slightly less instead of greater than that before. The pressure decrease is probably due to some polymerization during the evaporation of the acrylate : It would appear then that the slow disappearance of acrylate in the dark is really a true polymerization. It will be shown later that oxygen is a powerful inhibitor of the normal gas-phase polymerization, and hence it was necessary to see whether oxygen would also inhibit the dark poly merization. First a normal polymerization run was made, the reaction being allowed to continue in the dark for 67 min. during which 14*4 mm. of acrylate polymerized. The reaction vessel was then pumped out and 50 mm. of oxygen kept in contact with the polymer for 10 mm. On readmitting acrylate vapour polymerization occurred at approximately the same rate as that to be expected after a decay period of 10 min. The growth in the dark occurs at the surface of the vessel, since no cloud of polymer is formed in the gas phase and is therefore a concurrent reaction to that in the gas.
Effect of intensity.
As has been pointed out previously the variation of rate of polymerization with intensity of incident light immediately indicates the type of collision which terminates the growth of the polymer. In these experiments the velocity was altered by interposing screens of aluminium foil perforated with holes of known dimensions. The transmission was measured by a photoelectric photometer. As is evident from the following figures the rate is proportional to the square root of the intensity: Even at very low intensities-about 0*005 of that used above-the rate is reduced by a factor of 17, which is just what would be expected from a square root dependence on intensity. These experiments show that the polymer stops growing by the mutual destruction of two growing polymers.
Effect of temperature.
This effect was investigated with the high-voltage mercury lamp, the intensity being adjusted so that it was comparable with that employed at room temperature, namely, 1016 quanta/sec.: At 158° polymerization could not be measured, i.e. less than 0*02 mm./min. Moreover, at this temperature there was no appreciable thermal depoly merization of previously deposited photo-polymer which immediately demonstrates that the negative temperature coefficient of the photo rate is not due to a progressively increasing rate of thermal depolymerization.
Since the absorption coefficient of the acrylate vapour and the efficiency of the primary photoreaction is certainly almost independent of tempera ture, the negative coefficient might be due to the occurrence of a new type of inhibition reaction, negligible at room temperature. First, then, the intensity exponent was determined at 100°, where the rate of polymerization is 30-40 times smaller than that at room temperature and therefore under conditions where any new chain-terminating mechanism is the predominant reaction. It will be seen from the results in Table IV that the intensity exponent remains at 0*5 as is shown by the fact that the ratio of rates with the filter in and out is independent of temperature. The growth of the polymer is therefore limited by essentially the same type of reaction as occurs at 20°. The terminating collision must therefore require considerable energy of activation, the value of 9 kcal. calculated from the above results being only a minimum estimate. This evidence is supported too by the fact that the variation of rates with pressure is similar at different tern-peratures. Here it is rather difficult to obtain accurate measurements of the rate at high temperatures and low initial pressures: Having thus determined the type of collision process responsible for the cessation of growth of the polymer, the appropriate kinetic equation may be worked out so that the relationship between propagation and termination coefficients may be obtained. Denoting by P an active polymer and by kp the velocity coefficient for the reaction with the monomer (M) and km the termination coefficient, then the concentrations of the various growing polymers are represented by
T a b l e IV. E f f e c t o f i n t e n s i t y a t h i g h t e m p e r a t u r e
On substituting kmJkpr = 8, which is assumed independent of r, then
Hence the rate of polymerization is given by
since the chains are long. Since the light is not completely absorbed by the methyl acrylate vapour/(/) will be a function (M), thus making the order of the reaction with respect to (M) between 1*0 and 1*5 as is found. On account of the overall temperature coefficient of -d(M)/dt being negative, the energy of activation of the termination reaction, defined in the above manner, must exceed that of propagation by 8 kcal.
Effect of oxygen.
Oxygen is a most powerful inhibitor of the gas and even the liquid phase polymerization. In the gas phase, induction periods were at first observed, but on freeing the vapour from oxygen by repeated con densation in liquid air the induction period disappears. The results are best shown graphically in fig. 2 . By adding only 0*18 mm. of oxygen, the half life of the reaction is increased from 2*5 to 11-1 min. 1*66 mm. of oxygen increased r* to 41 min. It is evident that the kinetics of the oxygen-inhibited reaction are entirely changed. This can be seen by comparing the ratio of the times required for the pressure to drop to different values. From the mins. fact that the ratio decreases, the order of the oxygen-inhibited reaction must therefore be considerably lower than that of the normal reaction, although the order should actually be greater (see p. 111). This decrease in order is, however, due to two partially compensating factors. As the oxygeninhibited reaction progresses, the oxygen disappears and hence the velocity should increase. Such an increase is balanced by the decrease in the con centration of the acrylate. There is another remarkable effect only observed in presence of oxygen. Fig. 3 shows three experiments made with nearly the same initial pressure of acrylate and exactly the same pressure of oxygen, viz. 1-66 mm. The first was done in a clean tube where it will be observed that there is a long induction period terminated by a slow polymerization. The second experiment exhibits a much shorter induction period followed i by a steady reaction, succeeded by a much faster reaction with the produc tion of a cloud of polymer in the gas. It should be mentioned that in the oxygen-inhibited reaction, the visible formation of polymer cannot be detected. In the third experiment, however, the polymerization starts immediately and continues with the same speed as that in the second experi ment. The explanation would appear to be that the growing polymer is deactivated in some way in so far as further growth is concerned by collision with a " clean" silica surface. When this surface is covered with polymer, the growing polymer must be elastically reflected back into the gas phase to be stopped growing by collision with an oxygen molecule. The most curious fact is that the normal photo-polymerization is not affected whether a clean or a polymer-covered tube is employed, which would suggest that adsorbed oxygen may also terminate growth at the walls. As a matter of fact the different behaviour of clean and of polymer-covered tubes has already been observed in the methacrylate reaction in which the deposition of the requisite number of centres on the walls for continual growth of the polymer in absence of light is not only inhibited by oxygen, but is much hindered if the experiment is made with a clean tube. If oxygen does inhibit the polymerization by reaction with the growing polymer before such molecules have an opportunity of interacting with each other, then it is evident that the rate of termination of growth will be proportional to the first power of their concentration. The rate of reaction should therefore become proportional to the first power of the intensity of the light. The two experiments recorded below indicate th at the value of the exponent of the intensity factor is increased towards unity. The next problem is to obtain a quantitative measure of oxygen inhibition. This may be done by the introduction of a term containing (0 2) into the expressions used for the normal reaction as follows:
= / ( / ) -i M ( P i ) (M ) -( O ,)
and in general -k mi(Pl){kmi(P l)+ -K r (P r )+ -} 0 , 
which is in agreement with the fact that the intensity exponent increases from 0-5 towards unity. The reciprocal of the rate of polymerization should also be proportional to (0 2), whereas it is unchanged with respect to the acrylate concentration. The data are summarized in Table V . When the times for the pressure to fall 6 mm. are plotted against oxygen pressure, i.e. the times for 15% reaction (fig. 4) , the line is straight until the reaction velocity has fallen to one-fifth of its normal value, then the line bends round towards the oxygen axis showing that oxygen ceases to exert as strong an inhibiting influence as that indicated by the low-pressure experiments. This may be due to (a) another type of initiation reaction coming into play, (b) the fact that // is not independent of r. At present there is no evidence for the second alternative, but there is evidence from another reaction that oxygen can function in this twofold manner if mercury vapour is present, as happens in these experiments. In the direct and mercury photosensitized photo-oxidation of phosphine (Melville and Roxburgh 1934) the initial process is the dissociation of PH3 to PH 2 and H. The chain length of the reaction is thus easily calculated from the ratio of rate of oxidation to that of decomposition. At high oxygen pressures in the sensitized reaction, the chain length so computed is much shorter than that in the direct reaction, although propagation and termination reactions are identical. The reason is that excited mercury atoms generate oxygen atoms which in turn initiate oxidation. It is probable therefore that the same type of leaction occurs in this polymerization. Owing to the destruction of growing polymers by mutual interaction it is rather difficult to compute the exact value of the ratio of propagation to oxygen termination coefficients. An approximate estimate may be made in the following manner. 0*1 mm. of oxygen in 40 mm. of acrylate reduces the rate of polymerization by one-half, hence an oxygen molecule reacts with a growing polymer 400 times more readily than a monomer molecule. If these collisions are of a simple bimolecular type, this would correspond to a difference in 3*6 kcal. for the energies of activation of the two reactions. Since there is reason to believe that the energy of activation for propagation of the chain is in the neighbourhood of 5 kcal., then the energy of activation for the reaction of oxygen is only 1*4 kcal. Hence it would be expected that if the temperature coefficient of the oxygen-inhibited reaction is measured it should have a positive value. On the other hand, at high temperatures where the mutual destruction reaction has become more efficient, oxygen inhibition ought to disappear entirely. These anticipations are fully realized by the data plotted in fig. 5 in which \og1Qt~1{Ap= -6 mm.) is plotted against 103/T for various oxygen pressures. Unfortunately, the acceleration brought about by oxygen at high pressures prevents the true state of affairs being realized. If, however, the l/R-pQ 2 curve is extrapolated, the full lines exhibit an opposite slope to that of the uninhibited reaction. Hence the negative temperature coefficient is certainly due to the termination process. These results also indicate that the energy of activation for growth of the polymer is about 4 kcal. Effect of butadiene. As part of another series of experiments on inter polymerization of molecules, an attempt was made to incorporate butadiene in the acrylate polymer. The most surprising fact emerged that, although butadiene may be polymerized photochemically, it acted as a strong in hibitor for the acrylate reaction. The following figures show the magnitude of the effect: In these experiments matters are more complicated than those with oxygen, for there are now two possibilities. The first is that the butadiene Vol. CLXVIT. A. molecule adds on to the growing acrylate polymer, but no further molecules of acrylate or butadiene add on, the structure of the polymer being A A A A A A A B . The second is that butadiene readily adds on to the acrylate polymer, but the addition of acrylate to the butadiene end of the polymer is somewhat slower than that to a pure acrylate polymer. Provided the time which elapses during the process is not greater than the lifetime of the reaction chain, the chain will be terminated in the usual way by the inter action of two acrylate ends .The structure of the growing polymer i s therefore  A A A A B A A A A A B A . This latter process is therefore really an inter polymerization, although the butadiene cuts down the overall velocity of polymerization. A choice between the two may be made by measuring the intensity exponent in the rate equation. The first type of interaction will be analogous to that obtained in the oxygen-inhibited reaction, that is, R~I, whereas in the second type the rate will remain proportional to the square root of the intensity. The following results show that the intensity exponent is increased from 0-5 to 0-6. Unfortunately, in carrying out this kind of experiment the butadiene is used up during the reaction so that the ratio of rates at the two intensities is soon given by the square root law. For example, this is shown by the fact that the ratio of times for the pressure to fall to the same value in the inhibited and uninhibited reactions decreases during the course of the reaction. In view of the complicated behaviour of oxygen, the effect of butadiene was studied at different temperatures in order to obtain another independent estimate of the energy of activation for growth of the polymer. The results at 18° C. are shown in fig. 6 , where R and l/R a pressure. At low butadiene pressures, the linear decrease of R with p is obtained, while at high pressures 1/J? is proportional to pressure as is required by theory. Even at pressures in excess of 20 mm. there is no deviation from linearity as was found with oxygen. From the slope of this curve and that for oxygen, the relative values of the efficiencies of these molecules in terminating chains is, butadiene : oxygen 8 : 1. Experimental data at 52° and 72° are plotted in fig. 7 for different butadiene pressures.
8-2
Again the same phenomena makes its appearance. Below 52° there is complete inversion of the temperature coefficient, since the normal termina tion reaction has been replaced by one of small energy of activation. The measured value of the positive coefficient is 2*8 kcal. If it is assumed that the energy of activation for oxygen inhibition is zero, then this value of 2-8 must be increased by the energy of activation for butadiene inhibition which amounts to 1-2 kcal. calculated from the relative efficiencies of the two inhibitors. This figure of 4-0 agrees with the estimate made by extra polation of the oxygen results.
At 72°, however, butadiene behaves differently from oxygen. It exerts an inhibitory reaction once more. The nature of this second type of inhibition will be considered in a subsequent paper. Butadiene inhibition may be used to obtain a measure of the chain length of the polymer. The average value is the number of acrylate molecules polymerized divided by the number of butadiene molecules which disappear. The analysis of the mixture is easily made by condensing it in a side tube of small volume and allowing it to evaporate slowly. Owing to the fact that butadiene boils at -5° and acrylate at 70°, the separation is adequate. The following experiment was carried out at a sufficiently high temperature (52 ) so that the chain was short enough for a measurable amount of buta diene to disappear and with a butadiene pressure (16*8 mm.) such that the velocity of polymerization was cut down by a factor of 3. Thus about 70 % of the chains started are terminated by butadiene. The following figures show the distillation data before and after the polymerization run which is also included in Table VII. Since 21-2 -1*8 = 19*4 mm. of aery late disappear for 1*8 mm. of butadiene used up, the chain length of the inhibited reaction is 19*4/1*8 x 0*7 = 7*6. The chain length of the uninhibited reaction is therefore 23 and at 20°, 101, at a pressure of 16*8 mm.* Effect of methyl methacrylate. As might be expected the acrylate poly merization is not appreciably affected by 25 % of methacrylate vapour.
Effect of hydrogen. From the kinetics described in the previous pages there is no unambiguous evidence to indicate whether the acrylate polymer grows by the free-radical or double-bond mechanism. In the methacrylate polymerization the curious accelerating effect of hydrogen at once gave a means of saying which mechanism operated in this particular reaction. On the other hand, there is very little acceleration in the acrylate poly merization as may be seen from the following figures: These results do not imply that there is no hydrogen atom-sensitized reac tion, they merely show that this reaction is not faster than the ordinary photoreaction. If it so happens that the hydrogen-sensitized polymerization is faster than the normal polymerization, as occurs with methyl meth acrylate, then the reaction may be detected and its kinetics examined: if it is slower, other methods must be adopted to study and characterize the free radical polymerization of the molecule concerned. Hydrogen does, however, have an appreciable effect if oxygen is already present with the acrylate vapour as is shown by fig. 8 . In presence of oxygen in a clean tube there is a very long induction period (curve 1). When the tube is covered with polymer this induction period disappears (curve 2), but the rate of polymerization is much less than that of the reaction in absence of oxygen (curve 4). When hydrogen is added to the oxygen, again starting with a clean tube, there is still an induction period but of much shorter duration than in Exp. 1. Moreover, the velocity of the succeeding reaction is nearly equal to that of the uninhibited reaction (curve 4), thus showing In a normal chain reaction such branching of chains leads to indefinitely long chains, that is, explosion, under suitable conditions, except when the chains mutually destroy each other. This latter type of reaction always keeps the velocity of the reaction under control since the rate of branching is proportional to the first power of the concentration of the chain carrier, whereas the rate of termination is proportional to the second power. In this polymer reaction where these conditions of branching and termination must be simultaneously fulfilled in order to obtain a cross-linked polymer, branching has therefore no appreciable effect in augmenting reaction velocity. Hence by kinetic methods alone the estimation of the extent of cross-linking is impossible.
Comparison of acrylate and methacrylate reactions
The most important difference in behaviour is the fact that under identical conditions of photo-initiation one molecule grows indefinitely, the other is soon made inactive by a collision with another of its kind. Since the meth acrylate polymerization is of the double bond type then it is very probable that a similar mechanism is operative with the acrylate. But it is evident that the substitution of a hydrogen atom for a methyl group increases the efficiency of the reaction of the monomer with the growing polymer. On the other hand if a methyl group is substituted for one of the hydrogen atoms of the CH2 group giving methyl crotonate, then no polymerization can be detected at all even although this molecule absorbs the same number of quanta as the acrylate or methacrylate. Thus in these three examples, the differences in polymerizability is certainly due to the different efficiencies and probably energies of activation for the addition of monomer to a mole cule of monomer activated photochemically.
